In this study, we demonstrate that the coactivator-associated arginine methyltransferase 1 (CARM1), which methylates histone H3 and other proteins such as p300/CBP, is positively involved in the regulation of Tax 
Human T-cell lymphotropic virus type 1 (HTLV-1) is the etiologic agent of adult T-cell leukemia (41, 51) and chronic inflammatory diseases such as HTLV-1-associated myelopathy/tropical spastic paraparesis (14, 36, 39) , HTLV-1-associated arthropathy (38) , uveitis (35) , and Sjögren's syndrome (47) . HTLV-1 encodes a 40-kDa protein, Tax, which is critical for viral replication, transformation, and gene regulation (1, 16, 37, 45) . Tax drives viral gene expression from three imperfect 21-bp repeat enhancer elements located within the U3 region of the HTLV-1 long terminal repeat (LTR) (22, 29) . Tax facilitates transcription through interaction with cellular factors such as CREB, histone acetyltransferase p300/CBP, and P/CAF (3, 12, 15, 17, 18, 20, 26, 30, 34, 46) . Our laboratory and others have also demonstrated that Tax interacts with histone deacetylase 1 and regulates binding of the repressor to the HTLV-1 promoter (28, 32) .
Coactivator-associated arginine methyltransferase 1 (CARM1) (also known as protein arginine methyltransferase 4 [PRMT4]) is a member of the PRMTs, which catalyze the transfer of methyl groups from S-adenosyl-L-methionine to the guanidine nitrogens of arginine (13) . CARM1 preferentially methylates histone H3 in vitro and in vivo (4, 6) , and mapping of residues demonstrated specificity for arginine 2 (R2), R17, and R26 (44) . A recent study suggested that the CARM1 and histone acetyltransferase CBP or p300 interact synergistically to activate transcription of the estrogen receptor promoter (23, 27) . Along these lines, Daujat et al. reported that the cooperation between acetylation and arginine methylation comes from the fact that acetylation at K18 and K23 tethers recombinant CARM1 to the H3 tail, increasing the efficiency of the arginine methyltransferase (11) . In addition, it has been shown that CARM1 coactivates p53-dependent transcription and cooperates with ␤-catenin to enhance transcriptional activation by the lymphoid enhancer factor 1/T-cell factor 4 (LEF1/TCF4) (2, 24) .
We now present evidence that the methyltransferase CARM1 plays an important role in Tax transactivation of the HTLV-1 LTR. Tax transactivation was increased significantly in CARM1-overexpressing cells. Expression of the wild type (WT), but not a methyltransferase mutant, enhanced Tax transactivation. Consistent with a positive role of CARM1 in Tax transactivation, a small interfering RNA (siRNA) to CARM1 inhibited CARM1 expression and Tax transactivation. A direct physical interaction between Tax and CARM1 was demonstrated both in vitro and in vivo. Finally, analysis of transcription preinitiation complexes (PICs) and chromatin immunoprecipitation (ChIP) assays provides evidence that Tax facilitates CARM1 binding to the template DNA and that CARM1 is bound to the active HTLV-1 LTR promoter in vivo.
MATERIALS AND METHODS
Cell culture and transfection. HeLa, 293T, Jurkat, Molt-4, and HTLV-1-transformed C81 cells were obtained from the American Type Culture Collection (ATCC). HeLa and 293T cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and 2 mM L-glutamine and penicillin/streptomycin and transfected using Effectene transfection reagent (QIAGEN) as described by the manufacturer. Jurkat, Molt-4, and C81 cells were cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and penicillin/streptomycin and transfected using Superfect trans-fection reagent (QIAGEN) as described by the manufacturer. SP cells were obtained from the NIH AIDS Research and References Reagent Program, Division of AIDS, NIAID, NIH, and maintained in RPMI 1640 supplemented with 10% fetal calf serum, 2 mM L-glutamine, penicillin/streptomycin, and IL-2 (Sigma).
Plasmids and luciferase assay. The reporter construct HTLV-1 LTR-Luc and Tax wild-type and mutant M29, M30, and M32 expression plasmids were kindly provided by Genoveffa Franchini (NIH) and Warner Greene (University of California, San Francisco), respectively. A Tax internal deletion mutant (del 151-204) was constructed as described previously (40) . CARM1 wild-type and catalytically inactive mutant expression plasmids were provided by Michael R. Stallcup (University of Southern California). A GTP binding protein expressed in mitogen-stimulated T cells (GEM)-Luc and the GEM (del CREB) mutant were kindly provided by Marc Montminy (Salk Institute for Biological Studies). The transfection with siRNA for CARM1 (Santa Cruz Biotechnologies) or chloramphenicol acetyltransferase (CAT) (QIAGEN) was performed 12 h prior to DNA transfection using RNAifect transfection reagent (QIAGEN). For luciferase assays, cell lysates were prepared 24 h after transfection following the instructions of the Promega dual luciferase and Tropix GalactoLight assay kits. All transfections included the control plasmid RSV ␤-Gal (Rous sarcoma virus with ␤-galactosidase expression) to control for transfection efficiency.
Western blotting. Cells were prepared by using lysis buffer (50 mM Tris, pH 7.4, 120 mM sodium chloride, 5 mM EDTA, 0.5% Nonidet P-40, 50 mM sodium fluoride, 0.2 mM sodium vanadate). The extracts were incubated on ice for 15 min and centrifuged at 10,000 ϫ g at 4°C, and supernatants were collected. Protein concentrations were determined by Bradford assay (Bio-Rad), and 50 to 100 g was separated by electrophoresis in a 4 to 20% Tris-glycine gel (Novex). The proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon) and probed with antibodies as indicated. Anti-CARM1 (CT) purchased from Upstate and anti-Tab172 monoclonal antibodies were used to detect the expression of Tax protein.
In vitro binding assay. Five hundred nanograms of glutathione S-transferase (GST)-Tax or GST was incubated with 250 ng of the purified CARM1 protein (Upstate) in 400 l of binding buffer (50 mM HEPES, pH 7.9, 50 mM NaCl, 0.1% Tween 20, 10% glycerol, 0.2 mM phenylmethlysulfonyl fluoride, 1 mM dithiothreitol, and 1ϫ protease inhibitor cocktail) at 4°C for 1 h. Ten microliters of glutathione-Sepharose was added, and the mixture was incubated for 1 h at 4°C. Complexes were washed four times with the washing buffer (140 mM NaCl, 1 mM EDTA, 0.5% NP-40, 20 mM Tris, pH 8.0, 5% glycerol, 1 mM dithiothreitol, 0.2 mM phenylmethlysulfonyl fluoride) and eluted in sodium dodecyl sulfate sample loading buffer. The eluents were separated by electrophoresis on 4 to 20% Tris-glycine gel (Novex). The proteins were then transferred to PVDF membranes (Immobilon) and analyzed for CARM1 (Upstate) or GST (Santa Cruz).
Coimmunoprecipitation assay. For analysis of the interaction between Tax and CARM1, nuclear extracts were prepared by using NE-PER nuclear and cytoplasmic extraction reagents (Pierce) as described by the manufacturer. Nuclear extracts (500 g) from C81 cells or Tax-transfected 293T cells were immunoprecipitated with anti-CARM1 antibody. Immunoprecipitates were denatured, and proteins were separated by electrophoresis on 4 to 20% Tris-glycine gels (Novex). The proteins were then transferred to PVDF membranes and analyzed for Tax or CARM1.
Immunofluorescence. For immunostaining, C81 cells were cultured on coverslips, fixed with 1% formaldehyde in phosphate-buffered saline (PBS) for 15 min on ice, and permeabilized in cold methanol for 2 min. The permeabilized cells were incubated with 10% normal goat serum in PBS for 1 h, followed by immunostaining with an anti-Tax mouse monoclonal antibody and an anti-CARM1 rabbit polyclonal antibody. Alexa Fluor 488-conjugated anti-mouse immunoglobulin G (IgG) antibody and Alexa Fluor 594-conjugated anti-rabbit IgG antibody were used as secondary antibodies. The immunostained cells were mounted with medium containing DAPI (4Ј,6Ј-diamidino-2-phenylindole [Vectashield]; Vector Labs) and were visualized by use of a Leica confocal microscope.
Purification of PICs and analysis of protein components of PICs. Purification of PICs was carried out as described previously using biotinylated templates (33, 55) . Briefly, PICs were assembled by incubating biotinylated HTLV-1 templates (4ϫ TRE G-free cassette) with HeLa nuclear extracts in the absence or presence of the His 6 -Tax wild type or mutant (del 151-204) and then purified with streptavidin-coated magnetic beads (Dynal Biotech). The protein components of PICs were analyzed by Western blotting with anti-Tab172, -CARM1, -CREB, or -p300 antibody (Upstate).
ChIP assay. The ChIP assay was carried out using 6 to 10 g of anti-Tab172, -CARM1, -dimethyl histone H3 (R2, R17, R26, and K9), -histone H3, or -acetyl-K9 antibody following the methods previously described (33) . After crosslinking proteins to DNA by 0.5% formaldehyde in SP cells, chromatin was sonicated four times for 10 s each, generating DNA fragments of 100 to 500 bp. The nucleosomes were then precleared with glycogen-coated protein A/G agarose beads (Pierce). The supernatants were diluted 10-fold with ChIP dilution buffer, and the different antibodies indicated above were added. After overnight rotation at 4°C, the immune complexes were collected by addition of protein A-agarose beads. DNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation and amplified by PCR using primers specific for HTLV-1 LTR (5Ј-CCACAGGCGGGAGGCGGCAGAA-3Ј and 5Ј-CATAAG CTCAGACCTCCGGGAAG-3Ј) and primers specific for ␤-globin (5Ј-CAATT TGTACTGATGGTATGG-3Ј and 5Ј-GGTGTCTGTTTGAGGTTGC-3Ј).
RESULTS

Overexpression of CARM1 increases Tax transcriptional activity of the HTLV-1 LTR.
To examine whether CARM1 plays a role in Tax transactivation of the HTLV-1 LTR, we first compared the relative level of Tax transactivation in the presence and absence of exogenous CARM1. HeLa cells were transfected with the HTLV-1 luciferase reporter in the presence or absence of Tax expression plasmid (pcTax) and increasing concentrations of CARM1. At 24 h posttransfection, cell lysates were prepared and luciferase and control ␤-Gal activities were measured. In the absence of Tax, low levels of basal LTR activity were detected (Fig. 1A, lane 1) . In the presence of Tax, a 20-fold increase in LTR transcrption activity was observed (lane 2). Transfection of increasing amounts of CARM1 expression plasmid, in the absence of Tax, resulted in a modest three-to fourfold increase in LTR activity (lanes 3 to 5). In contrast, in the presence of Tax and CARM1, a 130-fold increase in Tax transactivation was observed at the highest level of CARM1 tested (lane 8). Analysis of Tax protein expression in the transfected cells demonstrated that there was a slight increase in the level of Tax in the CARM1-overexpressing cells (Fig. 1B , lanes 2 and 6). Protein quantitation demonstrated that the increase was twofold or less. As the level of CARM1 was increased and LTR transcription activity increased significantly (Fig. 1A) , the level of Tax protein stayed constant (Fig. 1B , lanes 6 to 8). These results suggest that CARM1 may play a regulatory role in Tax transactivation. Consistent with these results, we have also observed that Tax transactivation was defective in CARM1 Ϫ/Ϫ compared to CARM1 ϩ/ϩ cells (data not shown). To examine the effect of CARM1 on Tax transactivation of a cellular CREB-responsive promoter, we chose the GEM promoter recently identified by Conkright et al. (9) , which contains the CREB response sequence TGACGTCA. In vivo ChIP experiments carried out in this laboratory have demonstrated that, similar to the HTLV-1 LTR, Tax binds to the GEM promoter along with CREB and CBP (in preparation).
Cotransfection of the GEM reporter plasmid with Tax resulted in a fivefold increase in luciferase activity (Fig. 1C, lane  2) . Tax transactivation was dependent upon the CREB response element in the GEM promoter since deletion of this sequence abolished Tax transactivation (lane 2). Overexpression of CARM1 in the absence of Tax did not lead to an increase in GEM promoter activity (lanes 3 to 5). In contrast, overexpression of CARM1 in the presence of Tax resulted in a 15-fold increase in GEM WT promoter activity (lanes 6 to 8).
Coexpression of Tax and CARM1 failed to transactivate the CREB-negative GEM promoter (lanes 6 to 8).
We have also tested the effect of CARM1 on Tax transactivation in lymphocyte cell lines. Jurkat and Molt-4 cells were transfected with the HTLV-1 LTR reporter plasmid in the presence of Tax, CARM1, or Tax plus CARM1. Increases in HTLV-1 reporter activity of 14-and 25-fold were observed in the presence of Tax in Jurkat and Molt-4 cells, respectively ( Fig. 1D and E) . Cotransfection of CARM1 alone led to no increase in promoter activity in Jurkat cells and a modest twoto threefold increase in Molt-4 cells. In the presence of Tax and CARM1, 30-and 84-fold increases in HTLV-1 promoter activity were observed (lanes 5 and 6).
CARM1 methyltransferase activity is required for Tax transactivation. In another set of experiments, the CARM1 WT or a methyltransferase mutant was transfected in the presence or absence of Tax. At 24 h posttransfection, cell lysates were prepared and luciferase activities driven by the HTLV-1 LTR were measured ( Fig. 2A) . WT Tax transactivated HTLV-1 LTR activity 20-fold (lane 2). Tax-transactivated HTLV-1 LTR activity was increased to 55-fold in the presence of exogenous CARM1 wild-type protein (lane 5). In contrast, there was no significant change in Tax transactivation in the presence of the CARM1 mutant (lanes 2 and 6). Transfection with the CARM1 wild type or mutant alone had no significant effect on basal HTLV-1 LTR transcription (lanes 3 and 4). The increase in Tax transactivation in the presence of CARM1 was not due to increased Tax expression (Fig. 2B) . In these experiments, the levels of Tax protein were the same in the presence or absence of CARM1. These results provide evidence that the CARM1 methyltransferase activity plays a role in transcriptional regulation of the HTLV-1 LTR.
CARM1 siRNA abolishes Tax transactivation. Another way to analyze the importance of CARM1 in Tax transactivation was to utilize an siRNA to knock out expression of CARM1. Cells were transfected with Tax and CARM1 in the presence or absence of CARM1 siRNA (Fig. 3) . In the control experiment, in which a control CAT siRNA was transfected, Tax transactivation was observed (lane 4). The overall level of Tax transactivation is lower in this experiment because Tax protein expression was decreased in the presence of the siRNA in the transfection mix. Importantly, in the presence of the CARM1 2 g ), or Tax (1 g) expression plasmids. All luciferase values were adjusted for transfection efficiency using RSV ␤-Gal. The graph represents the luciferase activity from three independent experiments. The standard deviation for the three experiments is included.
siRNA, Tax transactivation was abolished. The Western blot analysis shown in Fig. 3B demonstrates that the CARM1 siRNA, but not the control CAT siRNA, reduced CARM1 expression in the transfected cells. Tax protein levels were equivalent in the control CAT and CARM1 siRNA-transfected cells.
CARM1 and Tax physically and directly interact in vitro and in vivo. To determine whether Tax protein physically interacts with CARM1, we first performed CARM1 pull-down assays with bacterial GST or GST-Tax. The results of these binding assays demonstrated that GST-Tax, but not GST, interacted with His 6 -tagged CARM1 protein purified from baculovirus-infected Sf9 cells (Fig. 4A, lanes 1 and 2) . Additionally, GST-Tax, but not the control GST, was shown to interact with CARM1 from HeLa cell extracts (lanes 3 and 4) . To identify which residues of Tax bind to CARM1, assays were performed with the wild type and Tax deletion mutants as GST fusion proteins (Fig. 4B) . The results of this study demonstrated that GST-Tax fusion protein containing amino acids 151 to 244, 151 to 353, and 245 to 353 interacted with CARM1. Of interest, the GST-Tax deletion mutant containing amino acids 151 to 244 binds more strongly to CARM1 than the full-length protein. Since equivalent amounts of the proteins were added to the binding reaction, these results suggest that the CARM1 binding domain may be partially masked in the intact Tax protein. The fact that we observed binding of CARM1 to fragments 151 to 244 and 245 to 353 suggests that there could be multiple binding sites for the protein. Data presented below from in vivo coimmunoprecipitation assays suggest that while the 151-244 CARM1 interaction domain appears to be important in vivo, the 245-353 domain alone is not sufficient for binding. Western blot analysis and GelCode staining of the GST-Tax fusion proteins demonstrated that equivalent amounts of the proteins were added to the binding assays ( Fig. 4B) (data not shown) .
In vivo coimmunoprecipitation experiments and confocal analysis of HTLV-1-transformed cells provide further evidence for an interaction between Tax and CARM1. Nuclear extracts from HTLV-1-transformed C81 cells were immunoprecipitated with either anti-IgG or CARM1 antibody (Fig. 4C) . Bound proteins were eluted and then separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the Tax protein was detected by Western blot analysis. The results demonstrated that Tax coimmunoprecipitated with CARM1 but not with control IgG (top panel). Moreover, the interaction of CARM1 with Tax appeared to be stronger than the interaction with p300 as no p300 was coimmunoprecipitated with CARM1. To further verify the interaction of Tax and CARM1 in vivo, HTLV-1-transformed C81 cells were immunostained with antibodies against CARM1 and Tax and analyzed by confocal microscopy. The results of these studies demonstrated that a significant colocalization of the two proteins occurred, as indicated by yellow regions in the merged image between CARM1 (red) and Tax (green) (Fig. 4D) . 
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We have also analyzed the interaction of WT and Tax mutants with CARM1 in transfected cells (Fig. 4E) . The Tax mutants included a deletion mutant spanning amino acids 151 to 204, which we identified as a major CARM1 binding site in vitro, and three amino acid substitution mutants within this domain which included M29 (189LysArg3AlaSer), M30 (192 GluGlu3AlaSer), and M32 (196TyrLys3AlaSer). Following transfection of the Tax WT or mutants into the cells, extracts were prepared and immunoprecipitated with anti-CARM1 antibody. The results shown in Fig. 4E demonstrate that CARM1 interacts with WT and M29, M30, and M32 Tax. In contrast, CARM1 fails to interact with the del 151-204 Tax deletion mutant. These results validate our in vitro results, which mapped one CARM1 interaction domain from Tax amino acids 151 to 204 and suggest that the weaker 245-353 domain may not be an important site in vivo. Furthermore, the results from the amino acid substitution mutants suggest that the region from amino acids 189 to 197 within the 151-204 domain is not important for CARM1 interaction. Analysis of additional site specific Tax mutants is in progress.
We also analyzed the effect of the Tax mutations on HTLV-1 transcription (Fig. 4F) These studies suggest, therefore, that the CARM1 interaction site closely borders another critical transcription control region.
CARM1 is recruited to the HTLV-1 PICs in the presence of Tax. Since CARM1 is important for Tax transactivation of the HTLV-1 LTR and CARM1 directly binds to Tax, we next tested whether Tax recruits CARM1 to the HTLV-1 PICs (Fig.  5) . A biotinylated DNA fragment containing four copies of the Tax-responsive 21-bp repeat element and promoter was incubated with HeLa nuclear extract in the absence or presence of Tax protein. Western blot analysis of purified PICs for binding of Tax, CARM1, CREB, and p300 was performed. CREB and p300 were used as positive controls in these experiments. In control reactions containing no DNA, we saw no significant background binding of Tax, CARM1, CREB, or p300 to the streptavidin beads (Fig. 5A to D, lanes 4 to 6) . Similarly, when DNA template was added in the absence of Tax, no significant binding of CARM1, CREB, or p300 was observed (Fig. 5B to  D, lane 7) . In contrast, when Tax was added to the incubation reaction, a PIC containing Tax, CARM1, CREB, and p300 bound to the template DNA (Fig. 5A to D, lane 8) . We next examined the composition of PICs formed in the presence of Tax deletion mutant del 151-204. While equivalent amounts of the WT and del 151-204 Tax mutant were added to the reaction (Fig. 5A, lanes1 and 2 ), a substantial decrease in Tax binding was observed (Fig. 5A, lane 9) . Given that the del 151-204 mutant partially overlaps the dimerization domain, the decrease in Tax binding may not be surprising. Concomitant with the decrease in Tax binding, a decrease in CREB and p300 binding was also observed (Fig. 5C and D, lane 9) . The binding of CARM1 in the Tax mutant PIC was similar to background (Fig. 5B, lanes 7 and 9) . These results are consistent with Tax facilitating the formation of the PIC that includes CREB, Tax, and p300 (15, 20, 26, 50, 54) but does not rule out the possibility that interaction of CARM1 with other factors in the PIC is important. Given the results of the coimmunoprecipitation assay, however, which demonstrates that CARM1 interacts more strongly with Tax than p300, it is tempting to speculate that CARM1 enters the complex through interaction with Tax.
CARM1 is associated with active HTLV-1 LTR chromatin in vivo. To provide further evidence for the role of CARM1 in HTLV-1 transcription, we performed ChIP assays using SP cells, which contain a single active integrated copy of the HTLV-1 genome and express viral proteins including Tax. Equivalent amounts of cross-linked chromatin were immunoprecipitated with a variety of antibodies, and the precipitated DNA was then subjected to PCR amplification with LTR or control ␤-globin primers. Figure 6A shows that unlike the control IgG samples, both Tax and CARM1 are associated with the active LTR (lanes 4 and 5) . The ChIP analysis further demonstrated that histone H3 associated with the LTR (Fig.  6B, lane 6) and was modified by both acetylation and methylation (Fig. 6B, lanes 3 to 5 and 7) . Antibodies to methylated histone H3 R2, R17, and R26, but not lysine 9 (K9), and acetylated H3 K9 precipitated the LTR. These data suggest that Tax and CARM1 are part of the transcription complex bound to the active HTLV-1 LTR promoter in SP cells. As a control for these studies, we used the ␤-globin promoter, which is repressed in T cells. While histone H3 antibody immunoprecipitated the ␤-globin promoter, none of the "active" gene markers, including CARM1, methylated histone H3, or acetylated histone H3, were positive.
DISCUSSION
The importance of protein methylation has become an increasingly significant area of transcription regulation (43) . Transcription factors including p53, YY1, and NF-B have on September 6, 2017 by guest http://jvi.asm.org/ been shown to contribute to the recruitment of PRMTs to eukaryotic promoters (2, 6, 9, 42) . Once docked to the transcription complex, the methyltransferases have been shown to methylate histone H3, CBP/p300, SPT5, Tat, and hnRNPs (2, 5, 8, 25, 48, 49) . Thus, methylation may play an important role in transcription initiation and elongation as well as mRNA packaging and export (52) . Methyltransferases may also target the high-mobility group proteins (HMGs), further regulating transcription and chromatin structure. PRMTs, including CARM1 (PRMT4), share a highly conserved domain encompassing the methyltransferase activity (7) . In addition to methyltransferase activity, this homology domain is responsible for formation of homodimers or larger homo-oligomers (53). As indicated above, CARM1 functions to activate transcription via its methyltransferase activity. Covic et al. reported that CARM1 is a novel transcriptional coactivator of NF-B and functions as a promoter-specific regulator of NF-B recruitment to chromatin (10) . Moreover, An et al. have provided compelling new evidence that the protein arginine methyltransferases CARM1 and PRMT1 act as coactivators for p53-mediated transcriptional activation (2) . In the present study, we demonstrated that histone methyltransferase CARM1 plays a critical role in the activation of HTLV-1 LTR transcription. Overexpression of CARM1 enhanced Tax activation of the HTLV-1 LTR. Of importance, transient transfection with an enzymatically inactive CARM1 mutant failed to rescue Tax transactivation, indicating that methyltransferase activity of CARM1 is important for HTLV-1 LTR transcription. In addition, we transfected with siRNA for CARM1 to knock out the endogenous CARM1. Consistent with results of the CARM1 mutant transfection, CARM1 siRNA blocked the ability of Tax to activate the HTLV-1 LTR.
It has been reported that CARM1 synergistically enhances transcription by nuclear receptors (NRs) through interaction with the activation domain 2 (AD2) of p160 (GRIP1) (5). Recently, Lee et al. reported that CARM1, compared with other PRMTs, has a unique ability to cooperate with p300 and P/CAF and synergistically enhances ER and NR functions with p160, p300, or P/CAF (5, 22) . We tested whether CARM1 functionally cooperates with histone acetyltransferase CBP or P/CAF to activate Tax transactivation of the HTLV-1 LTR. The results of these studies suggest that while CBP, P/CAF, and CARM1 all play an essential role in Tax transactivation, the functions of the proteins are independent and additive (data not shown). Consequently, it does not appear, for example, that CARM1 methylates CBP to enhance transcription activity.
Using GST pull-down, coimmunoprecipitation, and confocal microscope assays, we found that CARM1 interacts with Tax in vivo and in vitro. Strikingly, the interaction of Tax with CARM1 facilitates its recruitment to the LTR as part of the preinitiation complex. Consistent with these studies, ChIP assays using SP cells demonstrated that significant levels of Tax, CARM1, histone H3, and dimethyl histone H3 (R2, R17, and R26) were associated with the active HTLV-1 LTR. Of interest, the presence of R2 methylated histone H3 on the HTLV-1 LTR appeared to be higher than the level of methylation at R17 or R26. An in vitro histone methyltransferase assay using recombinant core histone incubated with CARM1 in the presence or absence of Tax suggested that Tax preferentially induced methylation at H3 R2 (data not shown). It will be of interest to determine if this particular modification has an added role in HTLV-1 transcription.
Of interest, Kamoi et al. recently reported that Tax interacts with another histone methyltransferase, SUV39H1, which methylates histone H3 K9 (21) . Coexpression of Tax and SUV39H1 represses Tax transactivation of the HTLV-1 LTR. ChIP analysis shows localization of SUV39H1 on the LTR after Tax induction in JPX9 cells containing the HTLV-1 Luc reporter. It will be of interest to determine how these opposing pathways are regulated. Clearly, in the case of HTLV-1-transformed SP cells carrying a single copy of an active LTR, histone H3 K9 methylation was not observed on the LTR. Histone H3 K9 methylation was observed on the repressed ␤-globin promoter.
In addition to its role as a coactivator of transcription, CARM1 has also been shown to repress CREB-dependent cellular gene expression (49) . Methylation of the CBP/p300 KIX domain by CARM1 blocks CREB activation by disabling the interaction between KIX and the KID domain of CREB.
Clearly, our studies demonstrate that CARM1 acts as a positive coactivator for the LTR, and we postulate that recruitment of CARM1 to the LTR by Tax may transform CARM1 from a repressor to an activator, providing a mechanism for specific activation of viral gene experession. It will be of interest to determine whether Tax activates cellular CREB-responsive promoters through association and regulation of CARM1 activity.
In conclusion, we have demonstrated that CARM1 plays an important role in HTLV-1 transcription. There is a direct interaction between CARM1 and Tax and Tax-dependent recruitment of CARM1 to the HTLV-1 PICs. The binding of CARM1 to the chromatin template in vivo is accompanied by the presence of methylated histone H3. CARM1 is normally found in a complex of at least 10 proteins called the nucleosomal methylation activator complex (48) . It will be of interest to see which of these proteins remain in the Tax-CARM1 complex. Methyltransferase inhibitors have been shown to inhibit replication of hepatitis virus and are under consideration for treatment of prostrate and breast cancers that are hormone dependent (19, 31) . The potential of methyltransferase inhibitors for treatment of HTLV-1-associated neuropathies and adult T-cell leukemia may be considered.
